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Executive  Summar 


IBIS  Associates  has  completed  its  predictive  spreadsheet  models  of  chemical  vapor 
deposition  (CVD)  diamond  film  fabrication.  This  report  details  the  capabilities  of  the 
models,  and  shows  cost  sensitivities  to  product  and  process  input  parameters. 

The  DC  arcjet,  microwave,  and  combustion  flame  CVD  diamond  deposition  models,  in 
addition  to  the  CVD  diamond  finishing  model,  have  been  developed  to  maximize  cost 
estimation  flexibility.  In  doing  so  for  deposition,  inputs  such  as  thermal  conductivity, 
machine  power,  gas  concentration,  gas  temperature,  and  reactor  pressure  have  been 
provided  in  the  model  to  predict  the  deposition  growth  rate,  which  is  critical  to  the  cost 
calculation.  For  the  finishing  model,  inputs  such  as  laser  power,  laser  spot  size,  and  laser 
frequency  have  been  provided  in  the  model  to  predict  the  diamond  removal  rate,  which  is 
also  critical  to  the  final  cost  calculation. 

For  this  report  arui  the  results  contained  herein,  it  is  assumed  that  the  transport  theory 
model  which  predicts  growth  rates  in  the  CVD  diamond  technical  cost  models  closely 
predicts  actual  growth  rates  for  the  deposition  technologies  and  that  the  input  values  for 
variables  such  as  the  gas  flow  rate  and  substrate  diameter  are  physically  achievable. 

To  be  investigated  further  is  the  market  value  issue.  IBIS  will  contact  potential  users  of 
CVD  diamond  substrates  to  determine  the  price  at  which  they  would  be  willing  to  pay  for 
specific  performance  improvements. 
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CVD  Diamond  Wafer  Fabrication  Layout 


The  three  CVr  nond  deposition  models  have  the  process  flow  shown  in  Figure  1,  and 
full  printouts  ot  these  models  are  included  in  the  appendices.  This  process  flow  has  been 
determined  from  the  CVD  diamond  literature  and  from  interviews  with  industry  experts. 
Since  the  finishing  steps  were  documented  in  the  fourth  quarter  report  of  1993  and  have  not 
changed,  this  report  shows  the  Final  form  of  the  deposition  models  and  illuminates  the 
economics  of  the  processes. 

The  unit  operations  are  described  in  the  following  sections. 

Surface  Preparation 

A  substrate,  usually  silicon  or  n.  \  m,  is  critical  for  the  nucleation  phase  of  CVD 
diamond  deposition.  Wafers  maoe  *  different  materials  at  varying  thicknesses  and 
diameters  are  listed  in  the  spreadsheet’s  ma' :iial  database.  These  substrates  are  assumed  to 
be  lapped,  or  abrasively  polished,  to  create  a  mirror  quality  finish.  The  model  assumes  that 
the  same  type  of  lapping  equipment  is  used  fo  silicon  as  is  used  for  the  diamond  wafers. 


CVD  Diamond  Wafer  Fabrication 


Figure  1 
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The  capital  costs  for  lapping  equipment  are  predicted  based  on  a  statistical  relationship 
derived  from  the  analysis  of  collected  industry  data. 

Deposition 

The  cost  of  forming  of  CVD  diamond  is  calculated  in  this  step.  As  CVD  diamond 
deposition  is  a  process  requiring  hundreds  of  hours,  hundreds  of  thousands  of  dollars  of 
deposition  equipment,  tens  to  hundreds  of  kilowatts,  and  large  quantities  of  expensive 
process  gases  to  form  a  one  millimeter  thick  wafer,  this  is  the  most  costly  step  is  the  series 
of  operations  modeled.  Consequently  each  of  the  three  technologies  studied  for  CVD 
diamond  (DC  arcjet,  microwave,  and  combustion  flame)  have  been  subjected  to  numerous 
iterations  of  expert  scrutiny.  The  end  result  is  a  model  that  will  predict  diamond  linear 
growth  rate  as  a  function  of  such  product  and  process  characteristics  as  desired  thermal 
conductivity,  machine  power  and  pressure,  gas  flow  rates  and  concentrations,  desired 
diameter,  and  gas  temperature. 

Etching 

The  third  step  in  the  baseline  process,  as  modeled,  is  etching  to  remove  the  silicon 
substrate,  if  one  is  used.  The  substrate/diamond  wafers  are  placed  in  a  cassette,  then  placed 
in  a  5:1:1  bath  of  water,  hydrofluoric  acid,  and  nitric  acid,  designed  to  completely  etch 
away  the  substrate.  After  the  etching  has  been  completed,  the  cassette  is  placed  in  a  rinse 
bath.  The  entire  process  must  be  performed  under  a  hood  in  order  to  draw  away  noxious 
gases.  Disposal  costs  associated  with  waste  liquids,  which  range  from  four  to  eight  dollars 
per  liter,  are  included  in  the  model. 

Substrate  etching  is  only  applicable  when  the  substrate  is  not  reusable,  as  in  the  case  of 
silicon.  For  other  materials,  the  substrate  is  mechanically  separated  from  the  diamond  film 
and  reconditioned  for  reuse. 

Laser  Trimming 

Due  to  the  formation  of  undesirable  quality  diamond  on  the  periphery  of  the  intended  area, 
the  fourth  step,  laser  trimming,  is  necessary  to  cut  a  clean  edge  encircling  an  area  of 
uniform  quality  CVD  diamond.  A  CO2  laser  is  the  assumed  equipment  required  to  perform 
this  task.  The  cost  for  such  a  system  is  estimated  at  $6,000  and  requires  a  full-time 
operator.  The  rate  at  which  CVD  diamond  is  trimmed  is  set  at  one  centimeter  per  second. 

Lapping 

The  fifth  step  is  the  lapping  of  the  diamond  film.  This  step  can  either  be  a  one  sided  or  two 
sided  process.  (In  other  instances,  depending  on  the  end  use  application,  lapping  may  be 
unnecessary.)  In  the  lapping  operation,  diamond  wafers  are  placed  in  carriers  or  holders, 
and  lapped  by  the  abrasive  action  of  diamond  grit.  Diamond  wafers  (typically  three  to  five 
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per  batch),  are  held  in  place  by  the  holders  and  travel  in  an  elliptical  pattern  on  the  surface 
of  a  rotating,  "O"  shaped  plate.  During  this  process,  a  diamond  grit  slurry  flows  through 
grooves  in  the  plate,  lapping  the  surface  of  the  diamond  films.  The  size  of  the  grit  chosen 
depends  on  the  initial  and  desired  surface  roughness. 

Other  techniques  for  lapping  or  polishing  have  been  reviewed  in  previous  quarterly  reports 
for  this  contract  as  well  as  in  the  technical  literature,  including  chemical  and  ablative 
techniques  for  surface  reduction.  However,  according  to  most  experts  surveyed, 
conventional  abrasive  lapping  remains  the  technology  of  choice.  This  operation  is  second 
to  deposition  in  cost  due  to  the  difficult  nature  of  removing  diamond  material. 

Inspection 

The  last  two  steps  are  the  inspection  of  the  finished  diamond  films.  The  first  is  a  visual 
inspection  using  a  microscope  while  the  second  involves  thermal  conductivity  testing. 
Neither  step  appears  to  have  a  significant  cost,  other  than  the  accrued  cost  of  product 
rejections  which  occur  at  these  steps. 

The  preceding  paragraphs  briefly  describe  each  operation  in  the  fabrication  of  CVD 
diamond  wafers.  As  mentioned,  efforts  have  primarily  been  focused  on  the  deposition  step, 
with  secondary  efforts  involving  the  finishing  of  CVD  diamond  films.  Since  the  finishing 
model  was  documented  in  the  fourth  quarter  report  of  1993  and  has  not  changed,  this  report 
shows  the  final  form  of  the  deposition  models  and  illuminates  the  economics  of  the 
processes. 
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Deposition  Rate  Calculations _ 

The  incorporation  of  CVD  diamond  deposition  theory  allows  the  cost  models  to  predict  the 
deposition  rate  as  a  function  of  the  reactor  input  variables,  as  if  the  model  user  had  access 
to  an  actual  CVD  diamond  reactor.  For  the  DC  arcjet,  microwave,  and  combustion  flame 
technologies,  industry  experts  were  consulted  to  provide  modeling  support  ranging  from 
overall  strategy  to  the  details  of  the  deposition  rate  equations.  The  strategy  aspect  included 
the  identification  of  input  variables,  definition  of  process  conditions,  and  structure  of  the 
logic  of  the  equations;  while  the  detailed  modeling  included  the  actual  equations,  chemical 
reaction  constants,  and  output  trend  verification. 

In  all  three  technologies,  Professor  David  Goodwin  of  the  California  Institute  of 
Technology  was  the  key  theorist  consulted  for  both  overall  strategy  and  detailed  modeling. 
In  addition,  Professor  David  Dandy  from  Colorado  State  University  and  Dr.  Michael  Coltrin 
from  Sandia  National  Laboratories  provided  detailed  modeling  support  regarding  the 
thermal  conductivity  input  to  all  three  cost  models.  Dr.  James  Butler  has  also  been 
involved  in  all  three  technologies,  providing  expert  review  of  the  cost  models.  Other 
deposition  theorists  and  the  strategies  employed  are  described  in  the  following  sections. 

DC  Arcjet 

The  deposition  modeling  assumptions  for  the  DC  arcjet  model  are  depicted  in  Figure  2, 
with  the  equation  logic  flow  shown  in  Figure  3.  In  addition  to  Professor  David  Goodwin, 
Dr.  Richard  Woodin,  formerly  of  Norton  Diamond  Film,  was  consulted  for  the  deposition 
rate  calculation.  The  experts  who  reviewed  the  approach  and  outputs  from  this  model 
include  Professor  Goodwin,  Dr.  Woodin,  Dr.  Butler,  Drs.  Young  and  Paitlow  from 
Westinghouse,  Professor  Angus  from  Case  Western  Reserve  University,  Professor  Cappelli 
from  Stanford  University,  and  Mr.  White  from  Olin  Aerospace  Co. 

Figure  2  is  a  diagram  of  the  overall  modeling  strategy  for  the  DC  arcjet  model.  The  gas  jet 
exiting  the  nozzle  forms  the  first  regime;  the  chemistry'  in  this  region  is  a  function  of  the 
reactor’s  input  parameters  and  is  assumed  to  be  uniform.  The  second  region  is  the 
boundary  layer,  where  the  chemistry  varies  with  the  distance  from  the  growth  surface.  This 
goal  of  this  approach  is  to  calculate  the  atomic  hydrogen  concentration  at  the  growth 
surface  which,  along  with  the  CH3  (methyl)  concentration,  determines  the  CVD  diamond 
growth  rate.  Because  of  the  interrelationships  that  exist  among  such  variables  as  reactor 
power,  gas  concentrations,  reactor  pressure,  gas  temperature,  wafer  diameter,  and  thermal 
conductivity,  the  calculation  path  to  deposition  rate  is  complex. 

Figure  3  shows  the  equation  logic  flow  for  the  DC  arcjet  model.  Important  calculations 
include  the  atomic  hydrogen  mole  fraction  in  the  gas  jet  (H  Mole  Frac.  (Jet)),  gas  jet  Mach 
Number  (Mach  Number),  gas  pressure  at  the  substrate  surface  (Gas  Pressure  (Sub)),  atomic 
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DC  Arcjet  Geometry  Assumed  For  Simulations 


Figure  2 

hydrogen  concentration  at  the  substrate  (H  Concentr.  (Sub)),  and  the  linear  deposition  rate 
(Linear  Dep.  Rate).  For  an  explanation  of  the  logic  and  actual  equations,  see  an  article  on 
this  subject  by  Professor  Goodwin  (Goodwin,  D.G.,  J.  Appl.  Phys.  74,  6888  (1993))  and  the 
third  quarter  report  of  1993  for  this  contract. 

Updated  results  from  this  model  are  shown  later  in  this  report.  The  next  section  details  the 
microwave  CVD  diamond  cost  model. 

Microwave 

The  deposition  modeling  assumptions  for  the  microwave  model  are  depicted  in  Figure  4, 
with  the  equation  logic  flow  shown  in  Figure  5.  In  addition  to  Professor  Goodwin,  Dr.  Jeff 
Casey  of  ASTeX  was  consulted  for  the  deposition  rate  calculation.  The  experts  who 
reviewed  the  approach  and  outputs  from  this  model  include  Professor  Goodwin,  Dr.  Casey, 
Dr.  Butler,  Drs.  Young  and  Partlow  from  Westinghouse,  Dr.  Buckley-Golder  from  AEA 
(Britain),  and  Dr.  Dahimene  of  Wavemat. 

Figure  4  is  a  diagram  of  the  overall  modeling  strategy  for  the  microwave  model.  The 
model  assumes  atomic  hydrogen  is  generated  roughly  in  the  middle  of  the  plasma  at  a 
distance  "L"  from  the  substrate.  This  goal  of  this  approach  is  to  calculate  the  atomic 
hydrogen  concentration  at  the  growth  surface  through  the  characterization  of  both  the 
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IBIS  DC  Arcjet  CVD  Diamond  Technical 
Cost  Model 


Microwave  Geometry  Assumed  For  Simulations 


diffusion  of  atomic  hydrogen  toward  the  surface  and  its  recombination  into  H2.  Along  with 
the  CH3  (methyl)  concentration,  the  atomic  hydrogen  concentration  at  the  surface 
determines  the  CVD  diamond  growth  rate.  Due  to  such  variables  as  reactor  power,  reactor 
pressure,  and  thermal  conductivity,  the  calculation  path  to  deposition  rate  is  fairly  complex. 

Figure  5  shows  the  equation  logic  flow  for  the  microwave  model.  Important  calculations 
include  the  plasma  ball  diameter,  atomic  hydrogen  generation  rate  (H  Generation  Rate), 
atomic  hydrogen  concentration  at  the  substrate  (H  Concentr.  @  Substrate),  and  the  mass 
deposition  rate.  For  an  explanation  of  the  logic  and  actual  equations,  see  an  article  on  this 
subject  by  Professor  Goodwin  (Goodwin,  D.G.,  J.  Appl.  Phys.  74,  6888  (1993))  and  the 
third  quarter  report  of  1993  for  this  contract. 

Updated  results  from  this  model  are  shown  later  in  this  report.  The  next  section  details  the 
combustion  flame  CVD  diamond  cost  model. 

Combustion  Flame 

The  deposition  modeling  assumptions  for  the  combustion  flame  model  are  depicted  in 
Figure  6,  with  the  equation  logic  flow  shown  in  Figure  7.  Professor  Goodwin  was  the  sole 
source  for  the  deposition  rate  calculation.  The  experts  who  reviewed  the  approach  and 
outputs  from  this  model  include  Professor  Goodwin;  Dr.  Butler;  Drs.  Kee,  Meeks,  McCarty, 
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and  Coltrin  from  Sandia  National  Laboratories;  Professor  Cappelli  from  Stanford,  and  Dr. 
K.V.  Ravi  from  Lockheed. 

Figure  6  is  a  diagram  of  the  overall  modeling  strategy  for  the  combustion  flame  model.  For 
numerical  simulations  that  were  generated  by  Professor  Goodwin,  it  is  assumed  that  the 
process  gases  are  mixed  and  combust  previous  to  accelerating  through  the  nozzle.  The 
resulting  combustion  jet  is  assumed  to  have  uniform  chemistry  and  velocity.  Impinging  on 
the  substrate  creates  a  boundary  layer,  through  which  atomic  hydrogen  and  methyl  radicals 
diffuse.  The  goal  of  this  approach  is  to  calculate  the  atomic  hydrogen  concentration  at  the 
growth  surface  which,  along  with  the  CH3  (methyl)  concentration,  determines  the  CVD 
diamond  growth  rate.  Due  to  such  variables  as  gas  concentration  and  thermal  conductivity, 
the  calculation  path  to  deposition  rate  warrants  an  explanatory'  diagram. 

Figure  7  sf  ws  the  equation  logic  flow  for  the  combustion  flame  model.  Important 
calculations  include  the  strain  rate,  atomic  hydrogen  concentration  at  the  substrate,  and  the 
linear  deposition  rate.  For  an  explanation  of  the  logic  and  actual  equations,  see  an  article 
on  this  subject  by  Professor  Goodwin  (Goodwin,  D.G.,  J.  Appl.  Phys.  74,  6888  (1993))  and 
the  first  quarter  report  of  1994  for  this  contract. 

Updated  results  from  the  three  deposition  models  are  shown  in  the  upcoming  section. 


Combustion  Flame  Geometry  Assumed  For  Simulation 
Single  Nozzle,  Attached  Flame 


Source:  Goodwin,  D.G.,  Memo  to  IBIS  Associates,  Inc  ,  Dec.  1993. 


Figure  6 
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_  IBIS  Combustion  Flame  CVD  Diamond 

“;?:alKy  Technical  Cost  Model  Deposition  Rate  Equation 


Constants 


Technical  Cost  Modeling  Results _ 

Results  from  all  three  deposition  models  have  been  reported:  the  DC  arcjet  and  microwave 
technologies  were  analyzed  in  the  third  quarter  report  of  1993  while  the  combustion  flame 
technology  was  illuminated  in  the  first  quarter  report  of  1994.  This  section  shows  updated 
results  and  sensitivities  for  the  long  term  modeling  scenarios  since  the  models  have  changed 
recently  to  incorporate  thermal  conductivity  as  an  input  to  the  models. 

Technical  Cost  Modeling  permits  the  flexibility  of  performing  sensitivity  analyses.  Using 
sensitivity  analyses,  it  is  possible  to  explore  the  cost  implications  of  changing  key  input 
variables  such  as  gas  composition,  production  volume,  material  prices,  product  dimensions, 
etc.  As  an  R&D  management  tool,  these  analyses  help  set  development  goals  for  cost 
effective  manufacturing.  Further,  they  help  in  long  term  planning,  by  indicating  the  cost 
savings  that  may  be  realized  through  scale-up. 

For  the  purpose  of  these  analyses  it  is  assumed  that  the  transport  theory  model  which  is 
used  to  estimate  the  diamond  growth  rate  closely  predicts  actual  growth  rates  and  that  input 
values  for  variables  such  as  gas  flow  rate  and  substrate  temperature  are  physically 
achievable.  Presented  in  the  following  sections  are  the  following  analyses: 

•  Three  Technology  Comparison 

—  Baseline  Costs  in  the  Long  Term 
—  Long  Term  Cost  vs  Thermal  Conductivity 

•  DC  Arcjet 

—  Cost  vs  Reactor  Power  and  Substrate  Diameter 
—  Cost  vs  Reactor  Power  and  Gas  Temperature 
—  Cost  vs  Reactor  Power  and  Thermal  Conductivity 

•  Microwave 

—  Cost  vs  Reactor  Power  and  Pressure 
—  Cost  vs  Reactor  Power  and  Thermal  Conductivity 

•  Combustion  Flame 

—  Cost  vs  Acetylene.  Oxygen  Gas  Ratio  and  Substrate  Diameter 
—  Cost  vs  Substrate  Diameter  and  Thermal  Conductivity 

Three  Technology  Comparison 

The  long  term  scenario  for  the  three  technologies  has  been  modeled,  where  "long  term"  is 
defined  as  the  expected  state  of  diamond  deposition  five  to  ten  years  from  today.  With  the 
assistance  of  industry  experts,  plausible  produc*  and  process  conditions  have  been  selected 
to  represent  the  long  term  scenario.  Unless  stated  otherwise,  there  are  certain  constant 
conditions:  thermal  conductivity  of  1,000  W/mK,  CVD  diamond  film  final  thickness  of  one 


IBIS  Associates,  Inc. 


3rd  Quarter  Report  1994 


Page  12 


millimeter,  one  thousand  parts  per  year,  and  deposition  yield  of  87.5%.  Labor  wages  and 
other  exogenous  cost  factors  are  held  constant  (within  each  model  in  the  appendix),  and 
non-dedicated  equipment  is  assumed  (as  if  machines  are  rented).  Although  this  section 
compares  the  three  technologies  in  the  long  term,  the  modeling  assumptions  should  be 
understood  before  a  decision  is  made  which  favors  one  technology  over  another.  Some  of 
these  assumptions  are  presented  in  Figure  8. 

Baseline  Costs  in  the  Long  Term 

Figure  9  shows  the  relative  long  term  costs  of  the  DC  arejet,  microwave,  and  combustion 
flame  technologies  for  the  production  of  one  millimeter  thick  CVD  diamond  wafers.  The 
single  nozzle  combustion  flame  technology  has  the  highest  long  term  cost,  at  $47  per  square 
centimeter.  The  DC  arejet  and  microwave  technologies  are  at  $3  and  $13  per  square 
centimeter  respectively.  The  combustion  flame  technology  is  dominated  by  the  material 
cost  due  to  the  high  consumption  rate  of  expensive  process  gases.  The  microwave 
technology  has  a  significant  equipment  cost  due  to  the  low  growth  rates  and  high  equipment 
investment  requirement  per  machine.  Lastly,  the  equipment  cost  is  also  significant  to  the 
DC  arejet  technology,  however,  its  high  deposition  rate  effectively  spreads  this  cost  over 
more  production  units. 


CVD  Diamond  Deposition  Long  Term  Assumptions 

Microwave  DC  Arciet  Combustion 

Finished  Water  Thickness 

1.000 

1,000 

1,000 

microns 

Thermal  Conductivity 

1,000 

1,000 

1,000 

W/mK 

Wafer  Diameter 

16 

6 

4.1 

inches 

Annual  Production  Volume 

1,000 

1,000 

1,000 

waters 

Dedicated  Investment 

No 

No 

No 

Operation  Yield 

90% 

90% 

90% 

qood  waters 

Downtime 

15% 

15% 

15% 

No.  of  Laborers  /  Station 

0.1 

0.4 

0.4 

System  Power 

250 

200 

2  drawn  / 1 72  generated 

kW 

127.9 

50 

to  nr 

96% 

40% 

NA 

Machine  Load  Time 

30 

120 

120 

minutes 

Operation  Hours  /  Year 

8,640 

8,640 

8,640 

hours 

Building  Space  Req. 

400 

1,500 

1,500 

Lappinq  Percentage 

10% 

10% 

10% 

ol  thickness 

Percent  Methane 

10.0% 

0.1% 

NA 

Percent  Acetylene 

NA 

NA 

50.5% 

Percent  Oxygen 

1.3% 

NA 

49.5% 

NHMHHi'  1 

1 

88.7% 

66.6% 

NA 

Percent  Argon 

NA 

33.3% 

NA 
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Deposition  Cost  Ffer  Sqcm 
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Note.  This  figure  is  the  result  of  many  assumptions  that  are  listed  in  this  report 
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Long  Term  Cost  vs  Thermal  Conductivity 

As  described  in  the  second  quarter  report  of  1994,  thermal  conductivity  as  an  input  has  been 
implemented  in  all  three  deposition  models.  Figure  10  shows  the  cost  as  a  function  of 
thermal  conductivity  for  the  three  deposition  models  with  long  term  input  assumptions.  In 
all  cases  the  cost  of  CVD  diamond  increases  dramatically  with  thermal  conductivity.  The 
rise  in  cost  is  steepest  with  the  combustion  flame  technology,  where  a  curve-fit  of  the  data 
shows  that  cost  is  proportional  to  thermal  conductivity  to  the  exponent  2.79.  In  curve-fits 
for  the  microwave  and  DC  arejet  technologies,  this  exponent  is  2.71  and  1.97  respectively. 
The  impact  of  this  result  is  more  apparent  with  the  following  example:  if  the  thermal 
conductivity  requirements  double  for  a  change  such  as  a  system  improvement,  the  CVD 
diamond  cost  will  increase  for  DC  arejet  diamond  by  a  factor  of  four,  while  nbustion 
flame  and  microwave  diamond  experiences  a  cost  increase  of  about  a  factor  ot  .  This 
high-quality/high-cost  trend  confirms  that  regardless  of  deposition  technology,  tt  .inimum 
value  of  thermal  conductivity  for  an  application  must  be  identified  in  order  to  produce  the 
lowest  cost  diamond. 


Deposition  Cost  Comparison 

Versus  Thermal  Conductivity 


200  500  800  1,100  1,400  1,700  2,000 

Thermal  Conductivity  (W/mK) 
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Note:  This  figure  is  the  result  of  many  assumptions  that  are  listed  in  this  report 
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DC  Arcjet 

The  DC  arcjet  technology  is  cost-sensitive  to,  among  others,  the  three  process  parameters: 
the  reactor  power,  the  upper  limit  on  gas  jet  temperature,  and  the  diameter  of  the  diamond 
wafer  being  deposited.  The  gas  flow  rate  is  another  significant  process  parameter  affecting 
the  cost  of  diamond  but  is  calculated  based  on  the  process  variables  above.  The  following 
sections  provide  insight  into  what  can  reduce  the  cost  of  CVD  diamond  produced  by  this 
technology. 

Cost  vs  Reactor  Power  and  Substrate  Diameter 

Figure  11  shows  that  deposition  cost  can  be  reduced  by  increasing  the  deposition  diameter 
due  to  economies  of  scale,  but  that  increasing  the  power  into  the  range  of  hundreds  of 
kilowatts  does  not  appear  to  have  a  significant  impact  on  cost.  The  reason  for  the  cost 
optimum  is  because  it  is  the  sum  of  two  effects  of  increasing  the  area  of  deposition:  the 
gain  in  economy  of  scale  and  the  loss  in  growth  rate.  The  incentive  to  increase  the 
deposition  diameter  is  that  investment  costs  will  be  distributed  over  a  greater  area,  resulting 
in  lower  costs  per  square  centimeter.  The  incentive  to  decrease  the  deposition  diameter  is 
the  lower  linear  deposition  rates  that  result  from  increasing  the  diameter  without 
corresponding  increases  in  reactor  power  and  gas  temperature. 


Cost  Vs  Power  and  Diameter 
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Figure  1 1  also  indicates  that  there  are  diminishing  returns  on  power  increases.  It  does  not, 
however,  consider  that  there  may  be  prohibitive  engineering  challenges  when  scaling  up 
low  powered  reactors  to  high  substrate  diameters. 


Cost  vs  Reactor  Power  and  Gas  Temperature 

Figure  12  shows  the  CVD  diamond  deposition  cost  as  a  function  of  both  the  reactor  power 
and  the  temperature  of  the  gas  jet.  A  higher  gas  temperature  allows  more  atomic  hydrogen 
to  reach  the  substrate,  creating  a  higher  growth  rate  which  translates  to  lower  cost.  From 
interviews  with  industry  experts,  the  upper  limit  on  gas  jet  temperature  is  determined  by  the 
limitations  of  the  DC  arejet  torch  nozzle.  Therefore,  Figure  12  indicates  that  the  maximum 
gas  temperature  must  be  determined  in  order  to  produce  the  lowest  cost  diamond.  Fitting  a 
curve  to  this  data,  the  cost  of  diamond  is  inversely  proportional  to  the  gas  temperature 
raised  to  the  sixth  power.  This  strong  relationship  means  a  gas  temperature  increase  of  just 
ten  percent  reduces  the  diamond  cost  by  roughly  forty  percent. 

In  contrast  to  the  influence  of  gas  jet  temperature  is  the  seemingly  weak  effect  of  reactor 
power  on  deposition  cost.  However,  this  result  is  somewhat  misleading  since  the  graph  was 
generated  at  a  diameter  of  six  inches  and  a  thermal  conductivity  of  1,000  W/mK.  In  all 
probability,  higher  powered  reactors  will  be  used  to  create  larger  area  wafers. 


Cost  Vs  Power  and  Temperature 
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The  same  modeling  methodology  warning  as  for  the  last  sensitivity  must  be  given:  both 
high  gas  temperature  and  large  substrates  require  higher  power  reactors,  therefore  the  lower 
powered  reactors  may  not  be  able  to  realistically  attain  the  higher  gas  temperatures  and 
diameters. 

Cost  vs  Reactor  Power  and  Thermal  Conductivity 

A  recent  addition  to  the  model  is  the  incorporation  of  the  thermal  conductivity  input. 
Figure  13  shows  how  the  desired  quality  of  the  end  product  (meaning  thermal  conductivity) 
affects  the  cost  of  manufacturing  using  reactors  of  various  powers.  The  cost  of  CVD 
diamond  produced  by  the  DC  arcjet  technology  is  proportional  to  thermal  conductivity  to 
the  exponent  1.97,  where  a  ten  percent  thermal  conductivity  reduction  results  in  a  twenty 
percent  cost  reduction.  Since  the  relationship  between  thermal  conductivity  and  deposition 
cost  is  strong,  the  minimum  thermal  conductivity  for  a  given  market  must  be  identified. 
Competing  materials  for  electronic  thermal  management  applications  range  from  as  low  as 
200  W/mK  (Aluminum)  to  as  high  as  800  W/mK  (Copper/Carbon  fiber  composite). 
Industry  experts  believe  the  minimum  CVD  diamond  film  thermal  conductivity  would  have 
to  be  higher  than  1,000  W/mK  in  order  to  be  competitive,  depending  on  the  selling  price. 
Pure  diamond  has  been  measured  at  2,000  W/mK  and  is  the  upper  limit  for  CVD  diamond 
thermal  conductivity. 


Cost  Vs  Power  and  Thermal  Conductivity 
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Microwave 

The  microwave  technology  is  cost-sensitive,  among  others,  to  the  reactor  power.  The 
reactor  pressure  and  substrate  diameter  are  other  significant  process  parameters  affecting  the 
cost  of  diamond  but  are  optimized  to  the  reactor  power.  The  following  sections  provide 
insight  into  what  can  reduce  the  cost  of  CVD  diamond  produced  by  this  technology. 

Cost  vs  Reactor  Power 

For  this  technology,  process  gases  are  excited  into  a  plasma  by  the  effect  of  microwave 
radiation.  A  plasma  ball  is  formed  in  the  reactor,  its  diameter  proportional  to  the  reactor 
power  and  inversely  proportional  to  the  reactor  pressure.  With  the  diameter  and  reactor 
power,  the  rate  of  atomic  hydrogen  generation  is  computed.  This  generation  rate  in 
conjunction  with  known  characteristics  of  the  plasma  allows  the  atomic  hydrogen 
concentration  at  the  growth  surface  to  be  predicted.  The  calculated  atomic  hydrogen  at  the 
substrate  surface  and  the  thermal  conductivity  input  then  determine  the  linear  growth  rate  of 
CVD  diamond. 

Figure  14  shows  the  cost  per  square  centimeter  of  CVD  diamond  as  a  function  of  reactor 
power.  As  noted  in  the  figure,  both  reactor  pressure  and  deposition  diameter  are  dependents 
of  reactor  power.  Fitting  a  curve  to  the  data  reveals  that  cost  is  proportional  to  reactor 
power  to  the  exponent  -0.43,  meaning  a  doubling  of  the  power  allows  a  twenty-five  percent 
cost  reduction.  This  sensitivity  indicates  there  are  cost  savings  and  possibly  new 
applications  for  scaling  up  this  technology  to  higher  powers  and  areas. 

Cost  vs  Reactor  Power  and  Thermal  Conductivity 

A  recent  addition  to  the  model  is  the  incorporation  of  the  thermal  conductivity  input. 
Figure  15  shows  how  the  desired  thermal  conductivity  affects  the  cost  of  manufacturing 
using  reactors  of  various  powers.  The  cost  of  CVD  diamond  produced  by  the  microwave 
technology  is  proportional  to  thermal  conductivity  to  the  exponent  2.71,  where  a  ten  percent 
thermal  conductivity  reduction  results  in  a  twenty-five  percent  cost  reduction.  Since  the 
relationship  between  thermal  conductivity  and  deposition  cost  is  strong,  the  minimum 
thermal  conductivity  for  a  given  market  must  be  identified. 

Combustion  Flame 

The  combustion  flame  technology  is  cost-sensitive,  among  others,  to  the  following  two 
process  parameters:  the  ratio  of  acetylene  to  oxygen  and  the  substrate  diameter.  The  gas 
flow  rate  is  another  significant  process  parameter  affecting  the  cost  of  diamond  but  is 
calculated  based  on  the  process  variables  above  and  the  thermal  conductivity  input.  The 
following  sections  provide  insight  into  what  can  reduce  the  cost  of  CVD  diamond  produced 
by  this  technology. 
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Cost  Vs  Power  and  Pressure 


Figure  14 


Figure  15 


IBIS  Associates,  Inc. 


3rd  Quarter  Report  1994 


Page  20 


Cost  vs  Acetylene:Oxygen  Gas  Ratio  and  Substrate  Diameter 

As  shown  in  Figure  16  and  in  the  first  quarter  report  of  1994,  there  is  an  optimal  diameter 
for  the  combustion  flame  technology  based  on  the  single  nozzle  torch  design  assumed  in  the 
model.  There  exists  an  optimum  due  to  the  combination  of  two  dynamics:  one  where 
increasing  substrate  diameter  decreases  the  fixed  costs  (i.e.,  equipment  investment)  per 
square  centimeter,  and  the  dynamic  where  gas  costs  vary  with  the  cube  of  substrate 
diameter.  Depending  on  the  ratio  of  incoming  acetylene  to  oxygen,  the  optimal  substrate 
diameter  ranges  from  ten  centimeters  at  a  gas  ratio  of  1.02  to  six  centimeters  at  a  gas  ratio 
of  1.10.  The  optimal  substrate  diameter  varies  inversely  with  thermal  conductivity;  at 
higher  thermal  conductivities  the  flow  rates  must  also  be  higher  to  deliver  more  atomic 
hydrogen  to  the  growth  surface.  With  higher  flow  rates,  the  material  cost  increases. 

Cost  vs  Substrate  Diameter  and  Thermal  Conductivity 

A  recent  addition  to  the  model  is  the  incorporation  of  the  thermal  conductivity  input. 
Figure  17  shows  how  the  desired  thermal  conductivity  affects  the  cost  of  manufacturing  at 
various  substrate  diameters.  Also,  as  mentioned  for  Figure  16,  Figure  17  shows  how 
smaller  substrate  diameters  are  desirable  with  higher  thermal  conductivities.  The  cost  of 
CVD  diamond  produced  by  the  combustion  flame  technology  is  proportional  to  thermal 
conductivity  to  the  exponent  2.79,  where  a  ten  percent  thermal  conductivity  reduction 


Cost  Versus  Substrate  Diameter 
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Note:  This  figure  is  the  result  of  many  assumptions  that  are  listed  in  this  report 
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Deposition  Oost  Fter  Sqcm 


results  in  a  twenty-five  percent  cost  reduction.  Since  the  relationship  between  thermal 
conductivity  and  deposition  cost  is  strong,  the  minimum  thermal  conductivity  for  a  given 
market  must  be  identified. 


Cost  Versus  Thermal  Conductivity 
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Summary _ 

IBIS  Associates  has  completed  its  predictive  spreadsheet  models  of  chemical  vapor 
deposition  (CVD)  diamond  film  fabrication.  This  report  details  the  capabilities  of  the 
models,  and  shows  cost  sensitivities  to  product  and  process  input  parameters. 

The  DC  arcjet,  microwave,  and  combustion  flame  CVD  diamond  deposition  models,  in 
addition  to  the  CVD  diamond  finishing  model,  have  been  developed  to  maximize  cost 
estimation  flexibility.  In  doing  so  for  deposition,  inputs  such  as  thermal  conductivity, 
machine  power,  gas  concentration,  gas  temperature,  and  reactor  pressure  have  been 
provided  in  the  model  to  predict  the  deposition  growth  rate,  which  is  critical  to  the  cost 
calculation.  For  the  finishing  model,  inputs  such  as  laser  power,  laser  spot  size,  and  laser 
frequency  have  been  provided  in  the  model  to  predict  the  diamond  removal  rate,  which  is 
also  critical  to  the  final  cost  calculation. 

For  this  report  and  the  results  contained  herein,  it  is  assumed  that  the  transport  theory 
model  which  predicts  growth  rates  in  the  CVD  diamond  technical  cost  models  closely 
predicts  actual  growth  rates  for  the  deposition  technologies  and  that  the  input  values  for 
variables  such  as  the  gas  flow  rate  and  substrate  diameter  are  physically  achievable. 

To  be  investigated  further  is  the  market  value  issue.  IBIS  will  contact  potential  users  of 
CVD  diamond  substrates  to  determine  the  price  at  which  they  would  be  willing  to  pay  for 
specific  performance  improvements. 
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Energy  Requiremenl  726  kWh/pc  ENERGY2 

Cooling  Water  Row  Rate  7.6  gal/min  WATER2 

Cooling  Water  Requirement  3,297  gal/pc  COOL2 

Building  Space/Station  1 ,500  sqft  SPACE2 
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